The aim of this study was to determine whether any differences in the GH-IGF-I axis in juvenile calves were predictive of fertility problems as adult cows. Endogenous metabolic hormone profiles before and after feeding and the response to a GH-releasing factor (GRF) challenge were measured in prepubertal (6 month) dairy calves. These metabolic parameters were subsequently related to physical characteristics at puberty and to ovarian function during the first lactation. Milk progesterone analysis was used to categorize the animals into those with normal progesterone profiles following calving (n=17) and those that developed delayed ovulation (DOV1, n=9) or persistent corpus luteum (PCL1, n=6) profiles. There were associations between prepubertal GH parameters, glucose and non-esterified fatty acid (NEFA) concentrations and the body condition score at which the animals attained puberty. The calves which subsequently developed DOV1 profiles as cows tended to have a higher GH pulse amplitude during fasting than normal profile animals, they did not show the anticipated decrease in circulating glucose concentrations following a postprandial rise in insulin and they also had the lowest IGF-I concentrations. The calves that later developed PCL1 had a significantly larger GH pulse amplitude and pulse area than normal profile animals in the fed period and had the highest IGF-I concentrations. There were no differences in prepubertal insulin or NEFA concentrations or in the GH response to a GRF challenge between the different progesterone profile categories. Plasma IGF-I concentrations in prepubertal animals were positively correlated with their post-calving concentrations, whereas glucose concentrations had a negative correlation between these time-periods. These results suggested that the different juvenile endocrine profiles of the DOV1 cows may predispose them to a higher rate of tissue mobilization during lactation and a consequent reduction in fertility, while altered GH and IGF-I levels in PCL1 cows may later contribute to the maintenance of the persistent corpus luteum. Therefore metabolic differences in prepubertal calves were later reflected by altered reproductive function during the first lactation.
Introduction
Some modern dairy cows are capable of producing high milk yields whilst remaining fertile whereas others develop ovarian disturbances and fertility problems. Genetic selection for increased milk yield has altered the somatotrophic axis (growth hormone (GH), insulin and insulin-like growth factors (IGFs)), with increased circulating concentrations of GH associated with greater milk yield in lactating dairy cows (Bonczek et al. 1988 , Lukes et al. 1989 . GH receptor binding in the liver results in synthesis and secretion of IGF-I into the circulation where it is responsible for many of the growth-promoting actions of GH (LeRoith et al. 2001) .
The GH-IGF-I axis in the female dairy calf is of key importance in growth, reproduction and lactation (Gluckman et al. 1987 , Chase et al. 1998 . The partitioning of nutrients into these processes is affected by the endogenous GH rhythm, including the post-feeding GH response and the stimulation of hepatic IGF-I production. These, in turn, are regulated by complex feedback mechanisms involving insulin, glucose, fatty acids and other metabolites (Etherton & Bauman 1998 , Chilliard 1999 . Following birth, the GH-IGF axis in dairy calves is functional but feedback mechanisms are still developing. GH concentrations decrease post-puberty (Govoni et al. 2002) and the response to GH-releasing factor (GRF) decreases (Lapierre et al. 1992) . A further complication is that the relationship between GH and IGF-I uncouples in physiological states of compromised nutrition or disease so that concentrations of IGF-I do not increase, as expected, despite increases in GH (GH resistance; Thissen et al. 1994 , Van den Berghe et al. 1998) . This situation also occurs in dairy cows at the start of lactation (McGuire et al. 1995a) .
Metabolic hormones are also important regulators of many aspects of reproductive function. Feedback of insulin and IGF-I acts at the pituitary level to alter luteinizing hormone (LH) pulsatility and responsiveness (Adam et al. 2000) . Type 1 IGF receptors have been identified in different sized bovine follicles and in corpora lutea (Perks et al. 1999) , and in ovarian tissues of numerous species IGF-I stimulates granulosa and luteal cell mitogenesis in vitro and amplifies gonadotrophin action (Spicer & Echterncamp 1995 , Webb et al. 1999 . In ruminants, the majority of follicular fluid IGF-I is derived from the circulation (Leeuwenberg et al. 1996) , hence the availability of IGF-I to follicles is reduced when plasma levels are low (e.g. nutritional restriction; Schoppee et al. 1996) . This may result in a failure of the dominant follicle to ovulate in the early post-partum period (Beam & Butler 1999) . Insulin can also stimulate granulosa cell proliferation, enhance follicle-stimulating hormone-induced oestradiol production in vitro (McArdle et al. 1991 , Spicer & Echterncamp 1995 and increase progesterone production (Staples et al. 1998) . GH also has important actions on folliculogenesis and luteal function, at least some of which are independent of the intermediate actions of IGF-I (Wathes et al. 1995 , Childs 2000 .
Studies in both the USA (Butler & Smith 1989 ) and the UK (Lamming et al. 1998) have shown that there has been a significant decline in dairy cow fertility over the past 30 years. As this has been temporally associated with genetic selection for increased yield, it is likely that the two trends are related. Previous studies using secretagogue challenges found that the release of GH was related to genetic potential for milk yield in dairy calves (Løvendahl et al. 1991a ) and in lactating beef cows (Auchtung et al. 2001) . We reasoned that hormone profiles or GH secretagogue challenges may also reveal differences between dairy animals likely to be fertile or to develop reproductive problems. Milk progesterone analysis (Bulman & Lamming 1978 ) allows non-invasive monitoring of reproductive activity in dairy cows and has revealed that many dairy cows have abnormal progesterone profiles which contribute to significantly poorer fertility parameters (Lamming et al. 1998 , Royal et al. 2000 . Any hormone or metabolic differences found in prepubertal heifers that related to subsequent ovarian function could be used to identify replacement heifers capable of producing high milk yields and remaining fertile.
The aims of the study presented here were, therefore, to investigate the endogenous metabolic hormones and response to a GH secretagogue challenge in prepubertal female dairy calves as predictors of their ovarian function. Actual reproductive function in the first lactation of the same cows was used to analyse the hormone and metabolite data obtained from a prepubertal serial bleed and GRF challenge.
Materials and Methods

Animals and housing
All experiments were performed under the UK Animals (Scientific Procedures) Act, 1986 and animals were treated in accordance with UFAW and FRAME guidelines. Thirty-two Holstein-Friesian female dairy calves of approximately 6 months of age were included in this study. They were group housed on straw in a wellventilated barn and fed a diet of maize silage ad libitum, 1·5 kg maize gluten and 1·5 kg calf pellets (Supercalf Starter Pellets; Lloyds, Oswestry, Shropshire, UK; energy content 12·95 MJ per kg dry matter, 18% crude protein) per animal per day. Water was available ad libitum.
Prepubertal serial bleed and GRF challenge
At approximately 6 months of age (Table 1) , a 10-h metabolic profile was obtained from each prepubertal calf, including a challenge with GRF. The 6 month age point was chosen to obtain the optimal response to the GRF challenge between early development and pubertal changes (Shingu et al. 2001) . Ovarian follicular development was examined the day before the GRF challenge by transrectal ultrasonography using an Aloka SSD-500 portable, real-time B-mode, two-dimensional ultrasound scanner (BCF Technology, Livingston, Scotland, UK) with a stiffened 7·5 MHz linear array transducer. This confirmed that the calves were all prepubertal. Following the challenge, the calves were subsequently blood sampled twice weekly until they reached puberty. This was based on the time of first ovulation from plasma progesterone measurements (see Table 1 ).
For the serial bleed, an indwelling jugular venous cannula (14 gauge infusion set; Vygon, Cirencester, Glos, UK) was inserted under local anaesthesia (2 ml xylocaine (2%) s.c.) on the previous day. The catheters were flushed with 2 ml heparin saline (250 units heparin/ml saline+300 mg crystapen antibiotic/500 ml; National Veterinary Supplies, Fenton, Stoke-on-Trent, UK) and the patent end of the catheter tube was fitted with a three-way tap (Vygon). On the day of sampling, the calves were fed at 1200 h (normal feed time was 1000 h) and the food remaining was removed at 1500 h and returned at the end of the session at 1800 h. Water was freely available at all times. Blood was sampled through the cannulae every 15 min through the day during a serial bleed from 0800 h until 1800 h for measurement of GH. Bovine GRF (bGRF (1-44); Bachem, Saffron Walden, Essex, UK; 0·2 µg per kg liveweight (Løvendahl et al. 1991b) ) was administered i.v. in a bolus through the cannula at 1600 h. Sterile water was used to dissolve the GRF and the injection volumes varied according to the body weights of the individual calves but each injection was less than 5 ml. Sampling frequency was increased so that blood samples for GH measurement were taken at 15, 5, 5, 10, 15, 20, 30, 45, 60, 75, 90, 105 and 120 min relative to the GRF challenge.
Blood samples were collected into heparinized tubes onto ice, centrifuged at 2000 g at 4 C for 15 min, and the plasma was stored at 20 C until assayed. On the following morning a final blood sample was taken after the serial bleed and the cannulae were removed.
GH was measured in all samples. Insulin concentrations were measured in five samples, glucose and non-esterified fatty acids (NEFA) in six samples and IGF-I in three samples from the serial bleed and in the sample taken on the second day. The time-points were chosen to reflect the diurnal variation as determined from more frequent analyses of samples obtained from between three and ten calves, depending on the hormone or metabolite measured.
First lactation reproductive and metabolic profiling
The maiden heifers were served by artificial insemination at observed oestrus to achieve first conception at approximately 14 months of age. Further fertility details have been published elsewhere . Pregnant heifers were fed a transition diet from 4 weeks prior to calving. The animals calved at approximately 2 years of age (Table 1) . Following calving, the first lactation cows were managed indoors in loose stalls in the same yard and fed a total mixed ration (TMR) ad libitum. Water and a mineral salt lick were freely available. Daily subsamples of transition diet and lactating TMR, concentrates and forages were combined into separate weekly samples and submitted for routine feed analysis. Details of the first lactation diets have been published separately . The cows were milked three times per day and parlour measurements of yield were automatically recorded at each milking.
Progesterone profile categories
Milk samples were collected three times per week. The progesterone profiles of the individual cows were categorized into normal (Fig. 1A ) and two types of abnormal patterns of ovarian activity ( Fig. 1B and C; after Bulman & Wood 1980 , Lamming & Darwash 1998 . Normal cycles were characterized by milk progesterone concentrations of greater than 3 ng/ml within 45 days post partum and regular cycles thereafter with luteal phases of up to 19 days and interluteal phases of less than 12 days. Delayed ovulation type 1 (DOV1) occurred in the immediate post-calving period when progesterone concentrations were less than 3 ng/ml for at least 45 days post partum (Fig. 1B) . Persistent corpus luteum type 1 (PCL1) occurred in the immediate post-calving period, when progesterone concentrations were greater than 3 ng/ml for at least 19 days during the first cycle post partum (Fig. 1C) . Cows with other categories of abnormal profile were not included in this study as the numbers were insufficient for further investigation.
Hormone and metabolite assays
Plasma samples were assayed for GH using a modified form of the double-antibody radioimmunoassay of Hart et al. (1975) . Standards and tracer used were highly purified bGH (AFP-11182B, a kind gift from Dr A F Parlow, NHPP, USA). Radioiodination was by the chloramine-T method. Briefly, the assay used a guinea-pig bGH antibody (a kind gift from Dr P Løvendahl, Foulum, Tjele, Denmark) and separation was by donkey anti-guinea-pig SAC-CEL second antibody (Immunodiagnostic Systems Ltd, Boldon, Tyne & Wear, UK). Serial dilution of calf plasma with buffer paralleled the standard curve. The inter-and intra-assay coefficients of variation were 12·2% and 7·6% respectively. The sensitivity was 2·6 ng/ml.
IGF-I concentration in plasma was analysed after ethanol-acetone-acetic acid extraction of IGF-I-binding proteins according to the method of Osgerby et al. (2002) using a double-antibody radioimmunoassay validated in our laboratory. Serial dilution of calf plasma with buffer paralleled the standard curve. The inter-and intra-assay coefficients of variation were 11·2% and 6·7% respectively. Plasma insulin was measured by bovine enzyme-linked immunosorbent assay plate kits (DRG Diagnostics; Immunodiagnostic Systems Ltd, Marburg, Germany). The assay sensitivity was 0·20 ng/ml. The inter-and intra-assay coefficients of variation were 8·9% and 9·4% respectively.
Plasma glucose and NEFA concentrations were measured using a COBAS MIRA automated analyser (Roche) using enzymatic kits: an endpoint method for glucose (Trinder; Sigma) and a kinetic assay for NEFA (Wako NEFA C test kit; Wako Chemicals GmbH, Neuss, Germany). For glucose, the inter-and intra-assay coefficients of variation were 7·9% and 0·7% respectively. For NEFA, the inter-and intra-assay coefficients of variation were 8·1% and 7·9% respectively.
Progesterone was analysed in whole milk samples using the method of Bulman & Lamming (1978) and in plasma following diethyl ether extraction using the method of Wathes et al. (1986) . The progesterone antibody was a kind gift from Dr M J Sauer, Veterinary Laboratory Agency, Addlestone, Surrey, UK. The milk progesterone detection limit was 2 ng/ml and the inter-and intra-assay coefficients of variation were 9·7% and 4·2% respectively. The plasma progesterone inter-and intra-assay coefficients of variation were 12·9% and 5·2% respectively and the mean recovery was 73·1%.
Statistical analyses
Pulse analysis for the pre-challenge GH samples was performed on the Munro computer programme (MRC, Edinburgh, UK; Merriam & Wachter 1982) . All other statistical tests were performed with SPSS statistical software, version 11·5 (Chicago, IL, USA). All values are means S.E.M. Animals were assigned to groups according to first lactation progesterone profile category (normal, DOV1 or PCL1) as described in the Materials and Methods. GH pulse parameters in the fed and fasted serial bleed sessions between progesterone profile groups were analysed by ANOVA and non-parametric tests. Areas under the curve (AUC) for GH, IGF-I and glucose were estimated using a linear trapezoidal equation. Plasma IGF-I, insulin and metabolite concentrations were transformed to obtain errors that were approximately normally distributed. Repeated measures ANOVA with posthoc LSD tests were used to analyse plasma GH, IGF-I, insulin, glucose and NEFA concentrations for the groups of animals with different progesterone profiles. Age and body weight at the time of the serial bleed (also birth weight, liveweight gain from birth, age and weight at puberty) were included as covariates in the repeated measures design but no significant correlations were found between any of the covariates and the dependent variable. Pearson's correlation analysis was used to determine the relationships between hormones or metabolites at the time of the serial bleed and the first lactation. Paired t-tests were used to compare IGF-I concentrations on the day of the GRF challenge and the day after. ANOVA with posthoc LSD tests were used for metabolites at specific time-points.
Results
Fertility and production parameters
The mean 305-day first lactation milk yield of the cows in this study was 7384 214 kg (range 3954-9038 kg) with a mean peak yield of 34 0·8 kg/day occurring at mean week 10 0·6 after calving. Further details of production, metabolic and fertility parameters of these cows during their first lactation have been published separately . Of the 32 heifers included in the present study, 17 had normal profiles, nine had DOV1 profiles and six had PCL1 profiles as defined in the Materials and Methods (Fig. 1) . The DOV1 animals had significantly (P,0·001) longer intervals to first progesterone rise (71 8 days cf normal: 17 1·7 days; PCL1: 19 1·7 days). The length of the first luteal phase in the PCL1 animals was 46 11·3 days compared with 16 0·8 days in the normal profile cows.
Prepuberty
The prepubertal concentrations of metabolic hormones and metabolites in these same animals measured at 6 months of age (GH, 3-47 ng/ml; IGF-I, 110-284 ng/ ml; insulin, fasted 0·2-0·97 ng/ml, fed 0·2-2·39 ng/ml; glucose, fasted 3·8-6·3 mmol/l, fed 4·0-6·1 mmol/l; NEFA, fasted 29-447 µmol/l, fed 20-85 µmol/l) were within the ranges reported for Holstein calves of a similar age in previous studies (Lapierre et al. 1992 , Govoni et al. 2002 . No significant associations were found between the physical parameters measured at 6 months of age (weight, height, girth, body condition score (BCS), liveweight gain from birth) and the hormone or metabolite concentrations measured at the same time.
Puberty
The calves reached puberty at approximately 9 months of age, about 3·5 months after the metabolic measurements were taken. The physical attributes of the calves when they reached puberty are shown in Table 1 . There was a positive correlation (r=0·67, n=32, P,0·001) between age and body weight at puberty. The BCS at which the calves reached puberty was positively related to the following parameters measured at 6 months (n=32 in each case): body weight (r=0·50, P=0·003), girth (r=0·52, P,0·002) and NEFA concentrations during the fed period of the prepubertal serial bleed (r=0·56 to 0·36, P=0·001 to 0·047). The BCS at puberty was negatively related to GH parameters measured during the fasted period of the serial bleed session (mean GH nadir r= 0·50, P,0·004; measured GH level r= 0·45, P,0·011) and with glucose at time-points throughout the day ( 0·60 to 0·39, P,0·001 to 0·03).
Puberty parameters (age, body weight, BCS) were not associated with first lactation fertility parameters (body weight at calving, calf weight, days to first progesterone rise, calving to conception interval, services per conception or progesterone profile classification).
Prepubertal hormone and metabolite concentrations in relation to subsequent progesterone profiles
The prepubertal calf hormone data from the 10-h serial bleeds were then analysed according to whether the animals had normal, DOV1 or PCL1 progesterone profiles in their first lactation.
Endogenous GH Examples of the GH pulsatile release pattern from the different progesterone profiles are shown in Fig. 2 . Analysis of the GH pulsatile release pattern during the fasted period (0800-1200 h) suggested a tendency (P=0·08, non-parametric) for a lower number of GH peaks in DOV1 animals and correspondingly a tendency for a larger pulse interval and area ( Fig. 2B and Table 2 ). In the fed period (1200-1600 h) GH pulse amplitude was significantly (P=0·04) higher in the PCL1 than the normal animals ( Fig. 2A and C and Table 2 ) and the pulse areas tended (P,0·1) to be highest in the DOV1 and PCL1 animals in comparison with the normal profile cows.
GH challenge profiles Examples of individual GH challenge response profiles (1605-1800 h) of normal, DOV1 and PCL1 progesterone profile category animals are shown in Fig. 3 . Neither the peak GH level reached nor the GH AUC differed according to progesterone profile category (Table 3) .
IGF-I
Throughout the whole prepubertal serial bleed session, PCL1 animals had significantly higher concentrations of IGF-I than the DOV1 animals (F (1,13) =8·195; P=0·013, partial eta 2 =0·39 (where partial eta 2 is an estimate of the degree of association for the sample); Fig. 4A ). On the day following the GRF Figure 2 Examples of endogenous plasma GH profiles during the first 8 h of a serial bleed. Calves were fed following collection of the 1200 h plasma sample and their feed was removed at 1500 h. A GRF challenge was given at 1600 h (see Fig. 3 ). Fasted period (shaded bars, fed period (solid bars). The animals were categorized according to their milk progesterone profiles following their first calving: (A) normal, (B) DOV1 and (C) PCL1 profile first lactation dairy cows.
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challenge and stimulated GH increase, only the normal animals showed a significant IGF-I increase (P,0·001, paired t-test; Fig. 4A ). On day 2, the IGF-I concentrations of the DOV1 animals were thus significantly lower than in either the normal or the PCL1 animals (P,0·05; Fig. 4A ).
Insulin, glucose and NEFA Insulin concentrations in all animals increased after feeding as expected and there were no differences in concentrations between the different progesterone profile category groups (Fig. 5A ). There was a significant (P,0·001) profile by time interaction in glucose: in the normal and PCL1 profile animals the glucose concentrations fell in response to the insulin rise but there was no decrease in glucose in the DOV1 animals, such that their glucose levels remained significantly higher after feeding (F (2,29) =4·031; P=0·029, partial eta 2 =0·22; Fig. 6A ). NEFA concentrations fell after feeding and were similar between normal and abnormal profile category primiparous cows (Fig. 5B) .
Associations between prepubertal and first lactation hormone concentrations
The IGF-I concentration measured during the prepubertal period (Fig. 4A) was significantly related to the weekly IGF-I concentrations measured during the start of the first lactation (Fig. 4B) . To simplify analysis, the first lactation IGF-I AUC in individual animals was calculated over weeks 1 to 7. We have previously shown that IGF-I concentrations during this period are related to subsequent fertility (Pushpakumara et al. 2003) . This AUC concentration was positively correlated with the individual prepubertal IGF-I concentrations both before (0800 h, r=0·476, P=0·006; Fig. 4C ) and after feeding (1555 h, r=0·428, P=0·015; 1800 h, r=0·395, P=0·025; n=32) .
In contrast, the glucose concentration measured both before and after feeding during the prepubertal period (Fig. 6A) was negatively related to the glucose concentrations measured during the start of the first lactation (Fig. 6B) . Relationships between the glucose AUC from weeks 3 to 5 post-calving and the prepubertal glucose concentrations at various times were as follows: 0800 h, r= 0·39, P=0·029; 1000 h, r= 0·49, P=0·004; 1200 h, r= 0·55, P=0·001; 1400 h, r= 0·59, P,0·001; 1800 h, r= 0·42, P=0·018; n=32 in each case. An example of this relationship is illustrated in Fig. 6C . No associations were found between prepubertal and first lactation insulin or NEFA concentrations. GH was not measured during the first lactation.
Discussion
Many dairy cows experience irregularities in their progesterone profiles, which contribute to poor fertility (Bulman & Wood 1980 , Royal et al. 2000 . The incidence of such cycle irregularities is higher in cows which have been genetically selected to produce more milk (Taylor 2001) . In addition to a direct effect of the somatotrophic axis on milk production it is also possible that the changes to the somatotrophic axis, which have occurred during selection for yield, may act directly on the reproductive system to predispose animals to poor fertility. The two most common problems are a prolonged interval to first ovulation and persistent luteal phases. Delayed resumption of cyclicity may occur in response to the negative energy balance, which occurs in early lactation (Beam & Butler 1999 . The incidence of PCL profiles in the UK has increased from 13% in 1975 -1982 to 44% in 1998 (Lamming & Royal 2001 ) and risk factors for PCL include a difficult calving, early resumption of cyclicity, uterine infection (Opsomer et al. 2000) and heat stress (Lucy 2001) . In this study we have shown that (1) IGF-I and glucose concentrations in prepubertal animals were related to their post-calving concentrations, (2) heifers which later showed abnormal ovarian cyclicity during their first lactation had measurably different metabolic profiles as juveniles and (3) measurements of metabolic status at 6 months were related to the BCS at which the heifers attained puberty.
Dairy cows in peak lactation have a metabolic profile that is characterized by an increased amplitude and frequency of GH secretion (Hart et al. 1978 , Kunz et al. 1985 , hepatic GH resistance due to a down-regulation of GH receptors 1A (Kobayashi et al. 1999) , low IGF-I and insulin concentrations (Pushpakumara et al. 2003) and decreased tissue utilization of glucose (Bell & Bauman 1997) . This endocrine situation leads to body condition loss (Butler 2000 . We and others have reported previously that individual cows differ in the extent to which they mobilize their body reserves and that excessive loss of condition impairs fertility (Butler 2000 , Wathes et al. 2001 . The genetic or developmental background of the individual cow may therefore determine its predisposition to developing such extreme metabolic profiles.
In this study, heifers that achieved puberty at a lower BCS had a higher GH nadir and measured level in the fasted period coupled with higher glucose concentrations. The negative association found between prepubertal and first lactation glucose concentrations was unexpected. The regulation of glucose homeostasis varies during lactation when glucose uptake by the mammary gland is largely independent of insulin. Whatever the underlying mechanism, the lower circulating glucose concentrations during lactation could have a detrimental effect on ovarian function (see later). The most common progesterone profile associated with impaired fertility in primiparous cows was delayed ovulation (DOV1) . When DOV1 cows were compared with cows that ovulated again within 6 weeks of calving, a number of differences were apparent. These included lower dry matter intakes, low body weights at calving or more sustained BCS losses throughout the early post-partum period, lower plasma IGF-I and/or insulin concentrations post-calving and reduced fertility compared with normal profile cows . Milk yield was, however, not different between the normal and DOV1 cows, although the DOV1 cows did produce a higher milk fat content. It is thought that the development of a DOV1 profile is caused by the low IGF-I and insulin concentrations acting at the level of the hypothalamic-pituitary axis to inhibit LH pulsatility (Wiltbank et al. 2002) and at the ovary to prevent follicular maturation and thus ovulation (Beam & Butler 1999 .
In the present study, we have shown that the DOV1 animals, as calves, had the lowest IGF-I concentrations and tended to have fewer, larger GH pulses during fasting. In early lactation, when GH concentrations are high, their possibly predetermined lower IGF-I concentrations may have exerted less negative feedback on GH release, thus allowing more mobilization of adipose reserves to sustain yield. This was followed by greater BCS losses with the resultant detrimental effect on reproductive function. Furthermore, the DOV1 calves did not show a significant fall in glucose following a post-prandial insulin increase. This suggests that they were more insulin resistant than the normal profile calves, another characteristic which could impact on fertility by reducing glucose availability to the ovary (Rabiee et al. 1999) while at the same time maintaining glucose transfer to the mammary gland, which is largely independent of insulin (McGuire et al. 1995b) .
The homeostatic adjustments caused by the drain of glucose to the mammary gland may be causing the high yielding dairy cow to have a 'diabetic-like' metabolic profile early in lactation, but from which they later recover. There may thus be some similarities between the DOV1 condition and insulin-dependent diabetes mellitus (IDDM) in humans in which the GH-IGF-I-insulin axis is also affected. IDDM is associated with an increased amplitude and frequency of GH secretion (Giustina & Veldhuis 1998) , prolonged GH clearance (Dunger et al. 1993) , low GH-binding protein, and reduced insulin and IGF-I concentrations (Halldin et al. 2000) . Disturbances in these inter-relationships are thought to be responsible for impaired glycaemic control in IDDM adolescent girls (Halldin et al. 2000) . However, glucose concentrations in IDDM humans are high whereas those in lactating cows are low, due to the removal of glucose by the mammary gland.
Although the reason for the increased incidence of PCL profiles in recent years is unknown, we have some evidence that it may be related to higher yield (Taylor 2001) . In this study, heifers which later developed a PCL1 profile had a significantly larger GH pulse amplitude and pulse area than the normal animals in the fed period (i.e. an altered response to feeding) when studied as calves, and their IGF-I concentrations were also higher. When these animals were studied in their first lactation, their metabolic and fertility parameters were similar to normal animals but they had a higher feed intake than the DOV1 animals . Hence PCL1 cows may have elevated GH concentrations as a consequence of selection for yield but, perhaps more importantly, their IGF-I concentrations were also increased in line with GH, indicating that they did not become GH resistant and these cows did not suffer major post-partum body condition losses. Thus the PCL cows maintained their yield with greater dry matter intake, compared with DOV1 cows, without major adverse consequences for the reproductive system. The endocrine profile of high GH levels may, however, be responsible for the extension of the luteal phase, as GH has been shown to be luteotrophic in vitro (Liebermann & Schams 1994 , Wathes et al. 1995 and some studies have reported that administration of bovine somatotrophin to lactating cows can prolong the luteal phase (Schemm et al. 1990 , Gallo & Block 1991 , Lucy et al. 1994 , although this effect was not seen in 1-year-old heifers (Yung et al. 1996) .
This study has also shown differences in the pattern of GH secretion between the groups of animals and in response to feeding. GH secretion is controlled by complex feedback and feedforward neuroregulation (Giustina & Veldhuis 1998) but the responses to feeding are not well understood. GH secretagogue challenges have previously been used as an indicator of genetic merit for milk production in prepubertal dairy bulls (Løvendahl et al. 1991a) as they are easier to measure than the natural pulsatile GH secretion pattern. However, in this study the response to the GRF challenge was not significantly altered between groups of female calves, suggesting that this test would not be useful in predicting fertility. Our results suggest that measurement of IGF-I prepubertally may be of more use in this respect.
In conclusion, we have shown here for the first time that cows which suffer from irregular progesterone profiles during lactation have differences in aspects of their somatotrophic axis as juveniles. These data suggest that such animals may be predisposed to develop fertility problems in later life and also raise the possibility of improved selection criteria for heifers which are more likely to be able to cope with the requirement of remaining fertile whilst still producing a high milk yield.
